[Ca 2 (H 2 cpp) 2 (H 2 O) 2 ] polymers [H 2 cpp is (4,5-dicyano-1,2-phenylene)bis(phosphonate)], which are created by two distinct coordination modes of the anionic H 2 cpp 2À cyanophosphonate organic linkers: while one molecule is only bound to Ca 2+ cations via the phosphonate groups, the other establishes an extra single connection via a cyano group. Ladders close pack with water molecules through an extensive network of strong and highly directional O-HÁ Á ÁO and O-HÁ Á ÁN hydrogen bonds; the observed donor-acceptor distances range from 2.499 (5) to 3.004 (6) Å and the interaction angles were found in the range 135-178 . One water molecule was found to be disordered over three distinct crystallographic positions. A detailed solution-state NMR study of the organic linker is also provided.
The preparation of coordination polymers (CPs) based on either transition metal centres or rare-earth cations has grown considerably in recent decades. The different coordination chemistry of these metals allied to the use of a large variety of organic linkers has led to an amazing structural diversity. Most of these compounds are based on carboxylic acids or nitrogen-containing ligands. More recently, a wide range of molecules containing phosphonic acid groups have been reported. For the particular case of Ca 2+ -based CPs, some interesting functional materials have been reported. A novel one-dimensional Ca 2+ -based coordination polymer with a new organic linker, namely poly [[diaqua[ 4 -(4,5-dicyano-1,2-phenylene) bis(phosphonato)][ 3 -(4,5-dicyano-1,2-phenylene)bis(phosphonato)]dicalcium(II)] tetrahydrate], {[Ca 2 (C 8 H 4 N 2 O 6 P 2 ) 2 (H 2 O) 2 ]Á-4H 2 O} n , has been prepared at ambient temperature. The crystal structure features one-dimensional ladder-like 1
Introduction
In recent decades, the preparation of coordination polymers (CPs) based on either transition metal centres or rare-earth cations has grown considerably. The different coordination chemistry of these metals allied to the use of a large variety of organic linkers has led to the amazing structural diversity encountered in the literature, with some of the materials also exhibiting applications ranging from gas sorption (Zhai et al., 2016) to catalysis (Mendes et al., 2015) and photoluminescence (Yang et al., 2016) . Most of these compounds are based on carboxylic acids or nitrogen-containing ligands. More recently a wide range of molecules containing phosphonic acid groups have been reported. Mixing O-and N-donor atoms in the same ligand is less frequent in the design of novel CPs, as revealed by a search in the Cambridge Structural Database (CSD; Allen, 2002; Groom et al., 2016) . Moreover, restricting the search to the use of s-block elements yields a much smaller subset of structures. ISSN 2053 ISSN -2296 # 2016 International Union of Crystallography For the particular case of Ca 2+ -based CPs, most of the known reports are based solely on a structural description of the obtained networks (Stock & Bein, 2004; Demadis et al., 2009 ). There are, however, some interesting publications on functional materials. Bishop and co-workers (Bishop et al., 2003) studied the effect of a Ca 2+ CP in cement hydration inhibition. This polymer acted as a retardant in the setting time of liquid cement, a feature of great importance in the oil industry. In the field of fuel-cell research, Liang and coworkers (Liang et al., 2013) prepared a layered Ca 2+ CP which shows promising results as a proton conductor. While the material itself has no outstanding proton conduction, this property is greatly increased when incorporated into a polyvinylpyrrolidone (PVP) membrane.
We report herein the preparation of a new ladder-type CP based on Ca 2+ cations and anions of (4,5-dicyano-1,2-phenylene)bis(phosphonic acid) (H 4 cpp), a novel organic ligand for which we also report the synthetic and structural details (obtained by solution-state NMR). The preparation and structural characterization of this molecule were found to be far from trivial and a detailed NMR study is given. The polymeric material, i.e. {[Ca 2 (H 2 cpp) 2 (H 2 O) 2 ]Á4H 2 O} n , (1), was assembled under atmospheric conditions by a simple and sustainable slowevaporation method. To the best of our knowledge, this constitutes only the second reported Ca 2+ -based CP based on a cyanophosphonate or an aminophosphonate linker, with the first being that of Schmidt et al. (2011). 
Synthesis and crystallization
Chemicals were purchased from commercial sources and used without any further purification steps. Tetraethyl (4,5-dicyano-1,2-phenylene)bis(phosphonate) was prepared according to the published procedure of Venkatramaiah et al. (2015) .
2.1. Synthesis of (4,5-dicyano-1,2-phenylene)bis(phosphonic acid) (H 4 cpp)
Tetraethyl (4,5-dicyano-1,2-phenylene)bis(phosphonate) (200 mg, 0.5 mmol) was placed in a 25 ml round-bottomed flask and 6 M HCl (10 ml; Analytical Reagent Grade, Fisher Chemical, 27%) was added. The reaction mixture was kept under uniform stirring at 363 K for 6 h, and was then cooled to ambient temperature and the solvent removed under reduced pressure. The obtained viscous oil was precipitated by addition of acetone. The white precipitate was filtered off and dried under vacuum to give (4,5-dicyano-1,2-phenylene)bis(phosphonic acid).
Synthesis of {[Ca
H 4 cpp (29 mg, 0.1 mM) was dissolved in methanol (4 ml) and calcium hydroxide (1 ml, 22.2 mg, 0.3 mM; Sigma-Aldrich, puriss p.a. !96%) was added slowly. The resulting mixture was stirred at ambient temperature for 10 min until a uniform mixture was obtained. The resulting solution was allowed to evaporate slowly at ambient temperature. White crystals of (1) were obtained after one week, harvested manually, filtered, washed with water and finally dried at ambient temperature.
Structural characterization of H 4 cpp (see the Supporting information for the spectra)
In DMSO- Computer programs: APEX2 (Bruker, 2012) , SAINT (Bruker, 2012) , SHELXT (Sheldrick, 2015a) , SHELXL2014 (Sheldrick, 2015b) and DIAMOND (Brandenburg, 1999) .
J( 13 C-31 P) = 9. 00-9.61 (m, 2P) . 13 
Refinement details
Crystal data, data collection and structure refinement details are summarized in Table 1 . H atoms bound to C or O atoms were placed at idealized positions, with C-H = 0.95 Å (aromatic) or O-H = 0.84 Å (hydroxy), and included in the final structural model in a riding-motion approximation, with the isotropic displacement parameters fixed at 1.2U eq (C) or 1.5U eq (O) of the attached atom. H atoms associated with water molecules O1W to O5W were located directly from difference Fourier maps and were included in the final structural model, with the O-H and HÁ Á ÁH distances restrained to 0.95 (1) and 1.55 (1) Å , respectively, in order to ensure a chemically reasonable environment for these groups. These H atoms were modelled with the isotropic displacement parameters fixed at 1.5U eq (O). The extra disordered water molecule was included in the final structural model distributed over three distinct crystallographic positions. Even though the H atoms associated with these partially occupied water molecules could not be located from difference Fourier maps and no attempts were made to place them in calculated positions, they have been added to the empirical formula of the compound. These moieties were included in the model by assuming a common isotropic displacement parameter.
Results and discussion
3.1. Synthesis and structural characterization of the organic linker: a detailed NMR study
The 1 H NMR spectrum of the as-prepared H 4 cpp (see Experimental) in DMSO-d 6 shows a doublet of doublets at 8.05 ppm (J = 9.0 and 8.0 Hz) corresponding to the two phenyl-ring protons. We have, remarkably, observed a prominent triplet signal at 7.13 ppm (J = 50.6 Hz) which we have attributed ultimately to the signals of ammonium cations ( Fig. S1 in the Supporting information). We believe that during the hydrolysis process under acidic conditions, which is detailed in the Experimental section, a portion of the cyano groups were decomposed and stabilized as ammonium cations. Indeed, integration of the 1 H NMR spectrum reveals the presence of NH 4 + cations at about a 1:1 ratio in the final product. To date, we have been unable to crystallize this com pound in order observe unequivocally this structural feature. To validate this assumption, we have instead carried out two different sets of detailed NMR experiments in DMSO-d 6 and methanol-d 4 which are detailed in Cases 1 and 2 below.
The 13 C NMR studies show a peak at 116.1 ppm corresponding to the resonance of the two cyano groups, and a doublet of doublets at 114.8 ppm, with J of 161.6 and 9.8 Hz, correlated to the resonance of the C atoms belonging to the phosphonic acid groups. The spectrum shows two triplets at 136.2 and 115.5 ppm corresponding to the C 3,6 and C 1,2 carbons of the aromatic ring, respectively ( Fig. S3 in the Supporting information).
The 31 P NMR spectrum shows only one signal as a multiplet between 9.38 and 9.77 ppm ( Fig. S2 in the Supporting information).
3.1.1. Case 1: NMR studies before and after the addition of a base to the NMR tube (in DMSO-d 6 ). We assumed that adding an excess of base, in this case solid K 2 CO 3 , to the NMR tube containing H 4 cpp in DMSO-d 6 would neutralize, if not all research papers Table 2 Selected geometric parameters (Å , ). (12) Symmetry codes: (i) x; y; z À 1; (ii) x; Ày þ 3 2 ; z À 1 2 .
then at least in part, the ammonium cations. The 1 H NMR spectrum clearly shows that the triplet signal disappears. However, a new broad signal still appears in the same region, at 7.34 ppm ( Fig. S4 S6 in the Supporting information). This fact seems to indicate that the addition of a base to H 4 cpp ultimately converts in situ the cyano groups into carboxylic acid groups, forming CO 2 from carbonate.
3.1.2. Case 2: NMR studies before and after the addition of ammonia in methanol-d 4 . The 1 H NMR spectrum of H 4 cpp in methanol-d 4 shows a pseudo-triplet signal at 8.27 ppm corresponding to the phenyl-ring protons (Fig. S7 in the Supporting information). We have not observed any significant signals related to the ammonium cation. The 13 C NMR spectrum shows a signal at 170.2 ppm, which must correspond to carbonyl groups (-C O), along with the other signals ( Fig. S10 in the Supporting information). This study reveals that, in methanol-d 4 , H 4 cpp undergoes an in situ conversion to a carboxylic acid derivative, similar to that described above, because no -OCD 3 group signals, typical of an esterification, are present in the aliphatic region.
A few drops of a methanolic ammonia solution (ca 7 M) were added to the NMR tube and the 1 H NMR spectrum was collected again. The results show the appearance of the corresponding triplet signal of the ammonium cation at 7.41 ppm (J = 52.5 Hz) alongside the phenyl protons at 8.38 (Fig. S10 in the Supporting information).
Based on the aforementioned experimental data, we have confirmed that triplet signals at 7.13 ppm in DMSO-d 6 indeed correspond to ammonium cations. These seem to exist in the final product, probably stabilizing the organic linker as an ammonium salt.
Structural description of the one-dimensional ladder coordination polymer
{[Ca 2 (H 2 cpp) 2 (H 2 O) 2 ]Á4H 2 O} n , (1) (see Scheme), crystallizes in the monoclinic space group P2 1 /c. The asymmetric unit is composed of two metal centres (Ca1 and Ca2), two H 2 cpp 2À residues (denoted Residues 1 and 2; Fig. 1 ) and four water molecules of crystallization.
Remarkably, the two metal centres do not exhibit the same coordination environment. Ca1 is heptacoordinated to one water molecule and six hydrogenophosphonate moieties, i.e. {CaO 7 }, with the overall coordination geometry resembling a distorted pentagonal bipyramid. The Ca-O bond lengths are in the range 2.294 (3)-2.685 (3) Å (see Table 2 ). Atom Ca2 is octacoordinated to one water molecule, six hydrogenophosphonate residues and one cyano group, i.e. {CaNO 7 }, and the coordination environment may be described as a highly distorted square antiprism. For this metal atom, the Ca-(N,O)bond lengths are in the range 2.304 (3)-2.660 (3) Å . We note that the distances for both coordination environments are well within the expected ranges, as revealed by a search in the CSD (median value of 2.38 Å for a wide range of 2.08-2.85 Å ).
The two crystallographically independent H 2 cpp 2À ligands (Residues 1 and 2; Fig. 1 ) act as linkers connecting three Ca 2+ Figure 1 Schematic representation of the asymmetric unit of {[Ca 2 (H 2 cpp) 2 -(H 2 O) 2 ]Á4H 2 O} n , (1), showing all non-H atoms as displacement ellipsoids drawn at the 50% probability level and H atoms as small spheres with an arbitrary radius. The coordination spheres of the crystallographically independent metallic centres are completed by generating the remaining O and N atoms through symmetry. For selected bond lengths (in Å ) and angles (in ), see Table 2 . [Symmetry codes: (i) x, y, z À 1; (ii) x, Ày + 3 2 , z À 1 2 .]
Figure 2
A one-dimensional ladder-like 1 1 [Ca 2 (H 2 cpp) 2 (H 2 O) 2 ] chain running parallel to the c axis of the unit cell. The figure emphasizes the presence of inorganic chains of Ca 2+ cations disposed parallel to the [001] direction [CaÁ Á ÁCa distance of 3.9334 (12) Å ] connected by organic residues. Crystallization water molecules have been removed for the sake of clarity. metallic centres. The connecting modes are, nevertheless, strikingly distinct. While Residue 1 is bound to two Ca 2+ centres via the phosphonate groups and to a third metal atom using the pendant cyano group -C7 N1, Residue 2 only establishes connections via phosphonate groups, leaving both cyano groups unimpeded for hydrogen-bonding interactions (see Table 3 ). Intermetallic bridges promote the formation of a compact one-dimensional zigzag ribbon of Ca 2+ centres running parallel to the [001] direction of the unit cell (Fig. 2) , which are characterized by two distinct intermetallic distances: Ca1Á Á ÁCa2 = 3.9753 (12) Å and Ca1 i Á Á ÁCa2 = 3.9334 (12) Å [symmetry code: (i) x, y, z + 1].
The aforementioned single connection via the cyano group constitutes the ultimate structural feature differentiating the two anionic H 2 cpp 2À ligands. While Residue 1 is bound to one metal centre via a Ca-N distance of 2.651 (4) Å (from the CSD: mean value for Ca-N of 2.55 Å , with a total range of 2.21-3.21 Å ), Residue 2 has both cyano groups uncoordinated. This bridge is at the genesis of a ladder-like 1 1 [Ca 2 -(H 2 cpp) 2 (H 2 O) 2 ] chain running parallel to the [001] direction of the unit cell, as depicted in Fig. 2. 
Supramolecular features
The crystal structure of compound (1) is based mostly on how the individual 1 1 [Ca 2 (H 2 cpp) 2 (H 2 O) 2 ] ladders close pack and interact. The various water molecules fill the voids. In the bc plane of the unit cell, ladders interdigitate via the Residue 2 organic linkers, which have both cyano groups uncoordinated. These groups are engaged in strong and highly directional O-HÁ Á ÁN hydrogen-bonding interactions with water molecules (both coordinated and of crystallization): DÁ Á ÁA (donoracceptor) distances = 2.860 (6)-3.004 (6) Å and D-HÁ Á ÁA interaction angles = 166-178 . The immediate effect is the formation of supramolecular undulated layers located in the bc plane (Fig. 3, top Symmetry codes: (i) x; y; z À 1; (iii) Àx; Ày þ 1; Àz þ 1; (iv) x; Ày þ 1 2 ; z À 1 2 ; (v) Àx þ 1; Ày þ 1; Àz þ 1; (vi) x; y; z þ 1; (vii) Àx þ 1; Ày þ 1; Àz þ 2; (viii) Àx þ 1, y þ 1 2 ; Àz þ 3 2 .
1 1 [Ca 2 (H 2 cpp) 2 (H 2 O) 2 ] ladders are distributed in a typical brick-wall-like fashion in the ab plane of the unit cell, as depicted in Fig. 3 (top) .
The overall structural cohesion is significantly boosted by the presence of various additional O-HÁ Á ÁO and O-HÁ Á ÁN hydrogen-bond interactions. Water molecules and hydroxy groups promote a network of strong connections, with DÁ Á ÁA distances ranging from as low as 2.499 (5) to 2.988 (5) Å ; the corresponding D-HÁ Á ÁA interaction angles are found in the 135-171 range (Table 3 ). These contacts lead to a network of connections between all groups, as depicted in Fig. 4 .
Conclusions
We have reported the synthesis and detailed structural characterization of the novel organic linker (4,5-dicyano-1,2-phenylene)bis(phosphonic acid) (H 4 cpp) and its use in the self-assembly of a one-dimensional ladder-like 1 1 [Ca 2 (H 2 cpp) 2 -(H 2 O) 2 ] chain isolated in the crystalline compound {[Ca 2 -(H 2 cpp) 2 (H 2 O) 2 ]Á4H 2 O} n . To the best of our knowledge, the compound is a rare example of a Ca 2+ -based CP based on a cyanophosphonate or an aminophosphonate linker. We are currently exploring in our laboratories the use of this organic linker to prepare other polymeric structures using other sblock cations.
Figure 4
The crystal packing of {[Ca 2 (H 2 cpp) 2 (H 2 O) 2 ]Á4H 2 O} n , (1), viewed in perspective along the [001] direction of the unit cell. The magnification focuses on the strong and directional O-HÁ Á ÁO and O-HÁ Á ÁN hydrogen-bonding interactions (orange dashed lines) connecting together water molecules and adjacent 1 rials (reference FCT UID/CTM/50011/2013), QOPNA (reference FCT UID/QUI/00062/2013) and CQE (reference FCT UID/QUI/0100/2013) research units, financed by national funds through the FCT/MEC and when applicable co-financed by FEDER under the PT2020 Partnership Agreement. Projects and individual grants: We wish to thank FCT for funding the R&D project FCOMP-01-0124-FEDER-041282 (reference FCT EXPL/CTM-NAN/0013/2013), and also CICECO for specific funding towards the purchase of the single-crystal diffractometer. FCT is gratefully acknowledged for postdoctoral research grant No. SFRH/BPD/79000/2011 (to NV) and PhD research grant No. SFRH/BD/84231/2012 (to RFM). [µ 4 -(4,5-dicyano-1,2-phenylene)bis(phosphonato)][µ 3 -(4,5-dicyano-1,2- 
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Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) 
